A comparative study of oxidative decomposition behavior of a wide range of vegetable oils and its correlation to iodine value (IV) using thermogravimetric analysis (TGA) was described. The oxidative decomposition of saturated fatty acids shows weight loss before 385 while oxidative decomposition of unsaturated fatty acids shows lower rate of weight loss (dWt/dt) compared to saturated fatty acids due to the oxidation process ('up taking' of oxygen) involving breaking down of double bond to form primary and secondary oxidation products, which leads to some weight gain in the sample before being decomposed. The relative differences in the dWt/dt (%/min) of the both fatty acids give different decomposition steps in TGA thermogram, enabling IV to be determined through the percentage weight loss of saturated fatty acids per 100% of total sample weight (excluding weight loss from moisture and volatile compounds). Therefore, TGA method can be used as an alternative method for IV determination with no sample predilution and solvent consumption. Using the TGA methods, good correlation (r = 0.9889) with standard AOCS method was achieved.
INTRODUCTION
The degree of unsaturation of the oils is defined as the iodine value (IV). This is an important indicator for oils' physical and chemical properties and is critical in edible oils' quality and grade and their application in food and oleochemical industries. Oils with higher IV are more susceptible to oxidation.
The standard method for the determination of iodine value in oil is based on the addition of odine monochloride (Wijs method) or iodine monobromide (Hanus method) 2) to the double bonds of fatty acids and the excess of iodine solution is titrated with a standard sodium thiosulphate solution. To reduce the use of toxic solvent, cyclohexane 3, 4) has been substituted as a replacement for chloroform in Wijs method but longer reaction time is required especially for oils with higher IV. Other reported alternative methods with minimum solvent consumption were flow injection analysis (FIA) 5) , Fourier transform infrared spectroscopy (FTIR) 6) , near infrared spectroscopy (NIR) 7, 8) , 1 H nuclear magnetic resonance spectroscopy ( 1 H NMR) 9) , differential scanning calorimetry (DSC) 10) and high performance liquid chromatography (HPLC) 11, 12) . DSC was the first reported thermal method for IV determination in palm oil. IV was found to be well correlated with the exothermic and endothermic peaks when the oil sample is heated and cooled down.
Other than DSC, TGA has been widely applied in the monitoring of oxidative stability, thermal behavior, kinetic parameters and activation energy in various oil samples [13] [14] [15] [16] [17] . It can also be used to determine fraction volatile components by monitoring the weight change as the sample is heated. Two parameters namely thermal decomposition and oxidative decomposition with sample heated under N 2 and O 2 environment respectively, could be obtained using TGA. Here, we reported a comparative study of oxidative decomposition behavior of vegetable oils using TGA where a good correlation of oxidative decomposition curve and IV was found. The correlation was established based on the relative differences of weight loss rate or dWt/dt (%/min) between saturated and unsaturated fatty acids. Based on this study, TGA approach for IV determination which was not reported before has some advantages of reducing required sampling volume besides eliminating solvent consumption. Although it still has its limitation in terms of sampling frequency compared to other reported methods such as FTIR or separation methods in routine IV analysis, the close relationship between oxidative stability and IV of edible oils has brought to the trends for edible oil studies and its quality assessment through simultaneous determination of its oxidative stability (induction time, onset temperature), moisture level, antioxidant activity as well as its unsaturation level. The extended capability of TGA through this study has made the thermal method an ideal analytical tool in edible oils' quality control laboratory.
EXPERIMENTAL
Several edible oils with IV ranging from 8 to 128 (as determined by AOCS method) were used as standards to study the correlation of IV and the TGA thermogram. The oxidative decomposition of the following industrial and commercial vegetable oils was studied: crude coconut oil (CCO), crude palm olein (CPOL), crude palm kernel oil (CPKO), palm red carotino oil, RBD (refined, bleached, deodorized) palm olein, olive oil, corn oil, sunflower oil and soybean oil. The IV of these oils obtained from AOCS method was compared to the IV obtained from TGA. The analysis was performed in Thermo-gravimetric analyzer TGA (Mettler Toledo) with a 5 min -1 constant heating rate. The heating range was 40 to 600 for the study of kinetic parameters of oils. In the case for the determination of IV only, heating range from 40 to 385 can be used. For oxidative decomposition study oxygen was used as the purge gas at a 100 mL min -1 flow rate. Nitrogen was used as the purge gas at a 100 mL min -1 flow rate for the thermal decomposition study. About 30 mg of sample were used in platinum pans in each analysis. TGA curves, as well as derivative thermo-gravimetric (DTG) cur ves were obtained. Curves are prepared using normalized data of the average of three independent measurements.
Wijs iodine reagent (Merck), cyclohexane (Merck) and sodium thiosulphate (Fluka) were of analytical grade and were prepared according to AOCS method.
RESULTS AND DISCUSSION
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shows preliminary oxidative decomposition curve for sunflower oil (IV = 127.5), olive/corn blend (IV = 112.2), CPOL (IV = 56.1), CPKO (IV = 18.2) and CCO (IV = 8.2). Oxidative decomposition of oils involves the breaking down of the oxygenated hydrocarbon present in it into lower molecular volatile hydrocarbons, volatile acids, carbon dioxide and carbon monoxide. It was found that oil with lower IV (or higher saturated fatty acids) such as CPKO and CCO decomposed at faster rate (dWt/dt) than oil with higher IV (or higher unsaturated fatty acids). This strongly suggested that oxidative decomposition of saturated fatty acids happened with the production of volatile compounds, while the unsaturated fatty acids would first undergo oxidation process by forming primary oxidation products (hydroperoxides, ROOH), which would continue to breakdown to secondary oxidation products (e.g. aldehyde, ketone) before they are further decomposed 13) . High IV sunflower oil and olive/corn oil blend encounter weight gain due to oxygen 'up taking' process before decomposing and this process happened at about 125 , a temperature region where low IV oil (CCO and CPKO) have already started to decomposed. This has showed that oil with higher oxidation rate (mostly oils with highly unsaturated fatty acid composition) would not necessary having higher oxidation decomposition rate. thermal decomposition took place in a single continuous step (not shown) where oxidative decomposition took place in 3 steps (4 steps for sunflower oil). The definition of different steps is based on a temperature region of a sharp peak between 2 points of the lowest dWt/dt obtained from DTG curve in . The different steps in the decomposition of oils under oxygen atmosphere were found to be corresponded to the decomposition of saturated fatty acids and unsaturated fatty acids. At step 1, 53.3%, 75.4% and 79.1% weight loss were observed for CPOL, CPKO and CCO respectively ( ), showing relative increasing trends when the saturated fatty acids composition is higher (or IV is lower) (the % weight loss of step 1 is obtained from TGA curve, per 100% of total sample weight, excluding weight loss from moisture and volatile compounds). The oxidation of unsaturated fatty acids involved up taking of oxygen which might lead to slight increase in the weight before it was totally decomposed, and this would lower its dWt/dt compared to the saturated fatty acids. Therefore, the initial sharp weight loss at step 1 is mainly contributed by oxidative decomposition of saturated fatty acids component in oils. Vegetable oil samples with lower IV (or higher saturated level) would give higher percentage of weight loss at this step. Thus CPOL with higher IV (or lower saturated level) compared to CCO and CPKO shows relative lower percentage of weight loss at step 1.
Sunflower oil and olive/corn oil blend, which were among the high IV oils have even lower % weight loss at step 1 ( ) compared to CPOL. 6 -8% of resident mass was observed after end temperature at 600 for all tested oil, suggesting that there are some remaining of nonvolatile oxidized residue (e.g. oxidized hydrocarbon) after burning.
Based on , it was clear that step 1 was defined from the first sharp peak in DTG, where the lowest %/min (right limit) after the first major spike was taken and the % weight loss at this temperature point was correlated to IV. It was found that the right limit ( and ) was lower when the IV is higher (336.6, 342.9, 367.8, 376.9, 380.7 for sunflower, olive/corn blend, CPOL, CPKO and CCO respectively), indicating that oil with high IV encounter complete decomposition of saturated fatty acids at earlier stage. The major sharp peak rather than the minor first spike in step 1 of CPOL was taken. For sunflower oil, the relatively small peak at step 1 reflected the earlier complete decomposition of relatively small amount of saturated fatty acids in the oil. The additional peak after step 1 is considered a decrease of dWt/dt due to high unsaturated level.
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J. Oleo Sci. 57, (4 It should be noted that the effect of antioxidant was considered negligible in this study due to the % weight loss is unlikely to be affected by antioxidants level 18) . Oil resistance to oxidation in the presence of different level of antioxidants was mainly obtained by measuring the increase in sample weight due to the uptake of molecular oxygen, the temperature at maximum sample weight, and the temperature at the onset of oxidation 13, 15, [17] [18] [19] . The relative difference of dWt/dt between saturated and unsaturated fatty acids is independent of the overall dWt/dt of a sample, which the overall dWt/dt is highly affected by antioxidant activity. When the antioxidant is higher in an oil sample, its overall dWt/dt might be lower 13) and the onset temperature would be higher (usually with a variance of a few degrees Celsius) 15, 17) . However, when the intake of oxygen is slowed down, the decomposition of saturated fatty acids and the oxidation of unsaturated fatty acids would be slowed down at the same time, without affecting the relative differential dWt/dt of both fatty acids. The composition of fatty acids will not be altered and the % weight loss correlated to IV in step 1 can still be obtained.
3
shows linear calibration curve of % weight loss at step 1 per 100% of total sample weight versus IV, with regression equation Y = -0.5052x + 82.127 (Y= % weight loss at step 1, x = IV) and correlation coefficient of R = 0.9889. Comparison of IV obtained from TGA and AOCS method was shown in . Calculated t-value between TGA (O 2 ) and standard AOCS method was 0.158 (t-tabulated = 2.131) showing no significant differences at 95% confidence level. The typical TGA curves at step 1 for the tested oils are shown in .
CONCLUSION
A good correlation has been established between oxidative decomposition curve at step 1 and IV of vegetable oils from different origin based on differential dWt/dt between saturated and unsaturated fatty acids. tion step required, TGA can now be a potential tools for quality assessment and oxidation monitoring of vegetable oils where no additional equipment or reagent is needed in conjunction with IV analysis. The outcome of this study might lead to more analytical capability of TGA in its future industrial and research application for vegetable oils or other material containing components with different oxidation behavior.
Fig. 4
Typical TGA Curve at step 1 for Different Vegetable Oils' IV (Please refer to Table 3 for respective IV).
